Background/Aims: Spinal cord injury (SCI) is a serious global problem that leads to permanent motor and sensory deficits. This study explores the anti-apoptotic and neuroprotective effects of the natural extract β-elemene in vitro and in a rat model of SCI. Methods: CCK-8 assay was used to evaluate cell viability and lactate dehydrogenase assay was used to evaluate cytotoxicity. A model of cell injury was established using cobalt chloride. Apoptosis was evaluated using a fluorescence-activated cell sorting assay of annexin V-FITC and propidium iodide staining. A rat SCI model was created via the modified Allen's method and Basso, Beattie, and Bresnahan (BBB) scores were used to assess locomotor function. Inflammatory responses were assessed via enzyme-linked immunosorbent assay (ELISA). Apoptotic and surviving neurons in the ventral horn were respectively observed via terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining and Nissl staining. Western blotting was used to measure protein expression. Results: β-elemene (20 μg/ml) promoted cell viability by activating phosphorylation of the PI3K-AKT-mTOR pathway. β-elemene reduced CoCl 2 -induced cellular death and apoptosis by suppressing the expression levels of CHOP, cleavedcaspase 12, 78-kilodalton glucose-regulated protein, cleaved-caspase 3, and the Bax/Bcl-2 ratio. In the rat model of SCI, Nissl and TUNEL staining showed that β-elemene promoted motor neuron survival and reduced neuronal apoptosis in the spinal cord ventral horn. BBB scores showed that β-elemene significantly promoted locomotor behavioral recovery after SCI. In addition, β-elemene reduced the ELISA-detected secretion of interleukin (IL)-6 and IL-1β. Conclusion: β-elemene reduces neuronal apoptosis by alleviating endoplasmic reticulum stress in vitro and in vivo. In addition, β-elemene promotes locomotor function recovery and tissue repair in SCI rats. Thus, our study provides a novel encouraging strategy for the potential treatment of β-elemene in SCI patients.
Introduction
Spinal cord injury (SCI) is a serious global problem that usually leads to permanent motor and sensory deficits, generating an enormous burden for patients, their relatives, and society [1, 2] . The number of people living with SCI around the world is estimated to be about 3 million, with 130, 000 new patients reported each year [3, 4] . After the initial traumatic insult, secondary injury mechanisms begin, including neuronal apoptosis, edema, oxidative stress, vascular dysfunction, glutamate-mediated excitotoxicity, and inflammation, which result in continued and extensive tissue damage [1, [5] [6] [7] . Multiple studies in recent decades have demonstrated that neuronal apoptosis occurs in the early stage of SCI, resulting in massive neuronal loss [8] [9] [10] . Although the exact mechanisms of secondary injury are unclear, inhibition of the extensive neuronal death induced by apoptosis may become an effective therapy for SCI.
During SCI, protein misfolding appears due to alteration of the microenvironment in the injured area [11] [12] [13] . Then, three main stress sensors consisting of protein kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring protein 1α (IRE1α), and activating transcription factor 6 (ATF6) on the endoplasmic reticulum (ER) are stimulated by the accumulation of misfolded proteins, which induce ER stress [14] . Recent studies have indicated that prolonged activation of PERK signaling promotes cellular apoptosis while activation of ATF6 and IRE1α promote cellular survival under ER stress conditions [15, 16] . Downregulation of ER stress might be able to reduce neuronal apoptosis and thereby encourage nerve function recovery and lessen pathological damage post-SCI [17] [18] [19] .
β-elemene extracted from Curcuma phaeocaulis plant is well known as an antitumoral drug [20] [21] [22] [23] . Although β-elemene has been widely used in the treatment of gliomas, its effects on neurons during the therapeutic course are unclear [24, 25] . Therefore, we investigated the effects of β-elemene on neurons. Intriguingly, our preliminary work showed that β-elemene significantly increased the cell viability of ventral spinal cord 4.1 (VSC4.1) motor neurons at concentrations lower than 40 μg/ml. In addition, because β-elemene has cytoprotective effects against oxidative damage in human umbilical vein endothelial cells [26, 27] , we next explored the effect of β-elemene on cobalt chloride (CoCl 2 )-induced ER stress damage in VSC4.1 motor neurons. We also investigated whether β-elemene promotes the recovery of motor deficits in rats after SCI and explored the molecular mechanisms associated with the neuroprotective effects of β-elemene.
Materials and Methods
Cell culture and treatment The VSC4.1 motor neuron cell line was used as previously described [28] . VSC4.1 motor neurons were grown in RPMI 1640 medium with fetal bovine serum (10%, v/v; Gibco, Invitrogen, Shanghai, China) and 1% penicillin and streptomycin at 37°C with 5% CO 2 in a fully humidified incubator, as recommended by the suppliers. For certain experiments, VSC4.1 motor neurons were plated in 96-well plates at a concentration of 5 × 10 3 cells per well. At first, β-elemene (Sigma-Aldrich, St. Louis, MO) was tested for its independent effects at six doses (5, 10, 20, 40, 80 , and 160 μg/ml) for 24 h and 48 h. The phosphotidylinsitol-3-kinase (PI3K) inhibitor LY294002 (Sigma) and protein kinase B (Akt) inhibitor MK2206 (Sigma) were dissolved in dimethyl sulfoxide. The working concentrations of LY294002 and MK2206 were 10 μM and 1 μM, respectively, as previously described [29] [30] [31] . With or without pretreatment with the above inhibitors for 1 h, VSC4.1 motor neurons were exposed to β-elemene (20 μg/ml) for 24 h. Chemical hypoxic injury of VSC4.1 motor neurons was then induced by CoCl 2 (Sigma) in a dose-dependent manner (150, 300, 400, 500, 600, and 1200 μM) for 24 h. Then, VSC4.1 motor neurons were pretreated with 20 μg/ml β-elemene for 4 h to observe its protective effects on CoCl 2 (400, 500, and 600 μM)-induced cellular damage. For western blotting, VSC4.1 motor neurons were treated with 20 μg/ml β-elemene for 6 h, 12 h, 24 h, and 48 h. Additionally, with or without β-elemene (20 μg/ml) pretreatment for 4 h, VSC4.1 motor neurons were exposed to CoCl 2 for 12 h or 24 h.
Cell Counting Kit-8 and lactate dehydrogenase release assays
The viability of VSC4.1 motor neurons was measured in a 96-well plate using a Cell Counting Kit-8 (CCK-8) kit (Beyotime Institute of Biotechnology, Jiangsu, China) according to the manufacturer's instructions and as previously described [28] . After the designated treatments, the cells were cultured with 100 μl CCK-8 mixture comprising 90 μl medium and 10 μl CCK-8 at 37°C for 2 h. Cell viability was determined by the absorbance at a 450-nm wavelength using a TECAN Infinite M5 microplate reader (Molecular Devices LLC, San Jose, CA). In addition, cultured supernatants were collected to measure the level of lactate dehydrogenase (LDH) using the CytoTox 96 ® Non-Radioactive Cytotoxicity Assay (Jiancheng Bioengineering Institute, Jiangsu, China).
Flow cytometry assay of apoptosis
Apoptosis of VSC4.1 motor neurons was detected by flow cytometry using annexin V/propidium iodide (PI) staining as previously described [32] . VSC4.1 motor neurons were plated at 1 × 10 5 cells per well in 6-well plates and pretreated with 20 μg/ml β-elemene to observe its protective effects on CoCl 2 treatment (400, 500, and 600 μM). After the treatment, VSC4.1 motor neurons were detached, washed, and incubated in 500 μl binding buffer, 5 μl annexin V-FITC, and 5 μl PI (Invitrogen) at room temperature for 15 min in the dark. Cells were then detected through fluorescence-activated cell sorting with a Becton-Dickinson FACScan (Immunocytochemistry Systems, San Jose, CA). Annexin V-positive cells were labeled as apoptotic cells and annexin V-negative but PI-positive cells were marked as necrotic cells. The sum of the PI percentage and the annexin V percentage was used as the cell death percentage.
Spinal cord injury model
Adult female Sprague-Dawley rats (age, 6-8 weeks; weight range, 235-275 g) were obtained from the Animal Center of Zhejiang University (Zhejiang, China). The rats were housed in groups of 3 to 5 per cage at a temperature of 24 ± 1°C with a 12-h light/dark cycle and ad libitum access to water and food. The rats (n = 75) were randomly divided into five experimental groups as follows: Sham, Sham + high dose β-elemene, SCI, SCI + low dose β-elemene (80 μg/kg), and SCI + high dose β-elemene (320 μg/kg). All experimental procedures were approved by the Ethics Committee of the Second Affiliated Hospital of Medical School, Zhejiang University, and conducted in accordance with the Care and Use of Laboratory Animals guidelines of the National Science Council of the Republic of China.
The SCI rat model was established as described previously [32] . Briefly, experimental rats were deeply anesthetized with 2% isoflurane fixed with 100% O 2 at 400 ml/min. The dura was exposed at the T10 vertebral level via vertebral laminectomy. Subsequently, a 2-mm-diameter impactor (10 g) was dropped on the exposed spinal cord from a height of 50 mm to produce a moderate contusion via the New York University (NYC) II struck instrument model. The sham group rats were subjected to the same procedure without the contusion. After the injury, the contusion area of treatment groups was covered by gelatin sponges (2 x 2 x 2 mm 3 ; Xiang En Medical Technology Development Company, Jiang Xi, China) containing β-elemene; control animals were administered sponges with an equal volume of normal saline.
Tissue processing
Two days after β-elemene treatment, for western blotting, 15 rats (n = 3 per group) were euthanized and the spinal cords at the T10 vertebral level were isolated rapidly and flash-frozen at -80°C. For Nissl and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, 20 rats (n = 4 per group) were intracardially perfused with 50 ml phosphate-buffered saline followed by 150 ml of 4% paraformaldehyde solution. Subsequently, the spinal cords were dissected out and a 1-cm length of segment centered on and enclosing the injured site was removed and post-fixed in 4% paraformaldehyde at 4°C overnight. The cords were dehydrated in 30% sucrose solution at 4°C before being embedded in optimal cutting temperature compound (Sakura Finetechnical, Tokyo, Japan) and frozen. All samples were then cut into 10-μm-thick sagittal sections via a cryostat (Thermo Fisher Scientific, Waltham, MA); these sections were mounted onto poly-L-lysine-coated glass slides.
Motor functional scale
Another 40 rats (n = 8 per group) were assessed after surgery for hind limb motor function on days 1, 3, 5, 7, 14, 21, and 28 post-injury using the Basso, Beattie, and Bresnahan (BBB) open field locomotor score, which comprises 21 different criteria for hind limb movement [33] . This scale is based upon accurate observation of hind limb stepping, joint movements, and coordination for 3 min in open field locomotion by a trained observer blinded to experimental conditions.
In situ TUNEL staining assay
Apoptotic neurons in the ventral horn of the spinal cord were analyzed by using a One Step TUNEL Apoptosis Assay Kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions and as described previously [32] . DNA fragments in the injured section were stained by the TUNEL method. Apoptotic neurons showed green fluorescence and the green fluorescent area as a proportion of the total area was used to calculate the percentage of apoptotic cells. Quantitative analysis was performed blindly by counting the number of TUNEL-positive cells in three cross sections per rat.
Nissl staining
Frozen sections (10-μm-thick) of spinal cord at 2 days after surgery were washed twice with distilled water and immersed in Nissl staining solution (C0117; Beyotime Institute of Biotechnology) for 5 min as described previously [34] . The sections were then washed twice with distilled water, dehydrated in 95% ethanol, and mounted. Quantitative analysis was performed blindly by counting the number of Nisslpositive motor neurons in the anterior horn of the spinal cord from three cross sections per rat. Any neurons defined as non-basophilic neurons with both pale nuclei and discrete nuclei with nucleolar fragments larger than one-half of the average nucleolar diameter were included in the count, as well as neurons with intact neuronal bodies.
Western blot analysis
Tissue triturated via TissuePrep (Gering Scientific Instruments, Beijing, China) was dissolved in RIPA lysis buffer (Beyotime Institute of Biotechnology) and the protein concentration (3 mg/ml) was quantified by a BCA kit (Beyotime Institute of Biotechnology). Cells were dissolved in western and IP lysis buffer (Beyotime Institute of Biotechnology) containing 1% protease/phosphatase inhibitor cocktail and 1% phenylmethanesulfonyl fluoride and centrifuged at 13, 000 × g rpm for 10 min at 4°C. All samples (20 μl) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The membranes were incubated at 4°C with primary antibodies overnight after being blocked in 5% skimmed milk powder dissolved in tris-buffered saline with Tween 20 (TBST) for 1 h. The following primary antibodies were used: caspase 12 (ab18766; 1:1000; Abcam, USA), CHOP (2895s; 1:1000; Cell Signaling Technology, Danvers, MA), Bcl-2 (2870s; 1:1000; Cell Signaling Technology), Bax (14796s; 1:1000; Cell Signaling Technology), ATF4 (11815s; 1:1000; Cell Signaling Technology), p-PERK (3179s; 1:1000; Cell Signaling Technology), p-eIF2α (3179s; 1:1000; Cell Signaling Technology), cleavedcaspase 3 (9664s; 1:1000; Cell Signaling Technology), p-AKT (4060s; 1:1000; Cell Signaling Technology), AKT (9272s; 1:1000; Cell Signaling Technology), p-mTOR (5536s; 1:1000; Cell Signaling Technology), mTOR (2972s; 1:1000; Cell Signaling Technology), p-PI3K (ab182651; 1:1000; Abcam), PI3K (4292s; 1:1000; Cell Signaling Technology ), HSPA5/78-kilodalton glucose-regulated protein (GRP78) (PB0669; 1:500; Boster; Wuhan, China), and β-actin (1:5000; Sigma-Aldrich). After washes with TBST, membranes were incubated with infrared-labeled secondary antibodies (Li-COR Biosciences, Lincoln, NE). An Odyssey infrared imaging system (LI-COR ® Biosciences) was used to visualize the immunoblot bands. Band intensity was analyzed with Image Studio Ver. 5.2 and compared with the β-actin internal standard as described previously [28] . 
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Enzyme-linked immunosorbent assay For enzyme-linked immunosorbent assay (ELISA), rats (n = 18) were randomly divided into three experimental groups (n = 6 per group) as follows: Sham, SCI, and SCI+ high dose β-elemene (320 μg/kg). Segments of the spinal cord (15 mm) including the lesion epicenter at the center were collected 24 h after SCI and homogenized in lysis buffer containing protease inhibitors at 4°C. After 30 min, they were centrifuged at 13, 000 × g at 4°C for 10 min. Then, the protein concentrations of the tissue lysates were measured using a BCA protein assay kit and the lysates were diluted to a final concentration of 1 mg/ml. The ELISA kits for interleukin (IL)-1β (RLB00) and IL-6 (R6000B) were purchased from R&D Systems (Minneapolis, USA). The content of each segment was obtained according to the standard curve at 450 nm minus that at 570 nm.
Statistical analysis
All data are presented as the mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) with Newman-Keuls post-hoc test or two-way repeated measures ANOVA with Bonferroni posthoc test were used for comparison of multiple groups. Statistical significance was set at p < 0.05.
Results

Effects of β-elemene on the cell viability of VSC4.1 motor neurons under normal conditions
To assess the effect of β-elemene on the viability of VSC4.1 motor neurons, neurons were incubated with different concentrations of β-elemene (5, 10, 20, 40, 80, and 160 μg/ ml) for 24 h and 48 h. A CCK-8 assay showed that β-elemene treatment at concentrations lower than 40 μg/ml increased the viability of VSC4.1 motor neurons (Fig. 1A and B) and decreased cellular death as assessed by a LDH release assay (Fig. 1C and D) . β-elemene at 20 μg/ml showed a maximal effect. The cell viability of VSC4.1 motor neurons was increased by 24.67% ± 1.32% after 24 h (p < 0.01; Fig. 1A ) and by 88.82% ± 13.51% after 48 h (p < 0.01; Fig. 1B ). On the other hand, cell death was significantly decreased by 27.99% ± 1.23% after 48 h (p < 0.01; Fig. 1D ). Moreover, β-elemene at the concentration of 80 or 160 μg/ ml greatly decreased cell viability compared with the control group (p < 0.01). All of these results indicated that β-elemene significantly increased the cell viability of VSC4.1 motor neurons at concentrations lower than 40 μg/ml and was toxic at equal to or higher than 40 μg/ml. 
β-elemene activates the PI3K-AKT-mTOR signaling pathway in VSC4.1 motor neurons under normal conditions
The promotive effect of β-elemene on the viability of VSC4.1 motor neurons was partially blocked by MK2206 and LY294002 (114.20% ± 2.03% vs 131.60% ± 2.65%; 122.10% ± 2.79% vs 138.60% ± 2.75%, p < 0.01) ( Fig. 2A and B) . In addition, western blotting was performed to detect the expression levels of PI3K, p-PI3K, AKT, p-AKT, mTOR, and p-mTOR proteins in VSC4.1 motor neurons. β-elemene significantly increased the expression levels of p-PI3K, p-AKT, and p-mTOR proteins. The phosphorylation of PI3K, AKT, and mTOR peaked at 12 h and lasted until 48 h (5.82 ± 0.71 vs control; 2.77 ± 0.12 vs control; 4.24 ± 0.81 vs control, p < 0.01), whereas the expression levels of total PI3K, AKT, and mTOR were not significantly altered (Fig. 2C-F) .
β-elemene protects VSC4.1 motor neurons against CoCl 2 -induced cell death
To establish a cell injury model, VSC4.1 motor neurons were exposed to different concentrations of CoCl 2 (0, 150, 300, 400, 500, 600, and 1200 μM) for 24 h. A CCK-8 assay showed that cell viability was significantly decreased in a dose-dependent manner by CoCl 2 (p < 0.01; Fig. 3A and B) . VSC4.1 motor neurons were then pretreated with 20 μg/ml β-elemene for 4 h and then with varying concentrations of CoCl 2 (400, 500, and 600 μM) for 24 h. The CCK-8 assay of the three CoCl 2 treatment groups showed that cell viability in the β-elemene pretreatment groups significantly increased from 50.98% ± 2.46% to 86.89% ± 1.25%, from 39.14% ± 4.13% to 75.23% ± 6.22%, and from 31.37% ± 3.14% to 67.73% 
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± 6.10%, respectively (p < 0.01; Fig. 3C ). These data indicated that β-elemene was able to protect VSC4.1 motor neurons from cell death induced by CoCl 2 .
β-elemene protects VSC4.1 motor neurons against CoCl 2 -induced apoptosis VSC4.1 motor neurons were stained with annexin V-FITC/PI after pretreatment with or without β-elemene for 4 h and then exposed to CoCl 2 for 24 h. Flow cytometry analysis revealed a significant increase in the apoptosis of VSC4.1 motor neurons subjected to CoCl 2 . VSC4.1 motor neurons pretreated with β-elemene showed a marked reduction in apoptosis compared with the CoCl 2 group (400, 500, and 600 μM) (136.60% ± 5.09% vs 227.30% ± 10.70%; 191.20% ± 3.20% vs 375.10% ± 7.67%; 317.10% ± 7.36% vs 514.60% ± 7.38%, respectively; p < 0.01; Fig. 4 ).
β-elemene alleviates ER stress in VSC4.1 motor neurons treated with CoCl 2 through inhibition of the PERK-eIF2α-ATF4 pathway
As shown in Fig. 5 , CoCl 2 induced ER stress by activating the phosphorylation of the PERK-eIF2α-ATF4 pathway. After 12 h of CoCl 2 stimulation, the expression levels of p-PERK, p-eIF2α, and ATF4 proteins were significantly increased to 12.02 ± 2.38-, 7.76 ± 0.48-, and 6.71 ± 0.63-fold of the control group. However, the expression levels of p-PERK, p-eIF2α, and ATF4 were significantly lower in the β-elemene pretreatment group than in the CoCl 2 group (6.01 ± 0.71 vs 13.13 ± 2.55; 6.00 ± 0.59 vs 8.81 ± 0.41; 4.29 ± 1.06 vs 7.57 ± 0.82, respectively; p < 0.01). Similarly, the expression levels of cleaved-caspase 12, CHOP, and GRP78 (a marker protein that reflects the severity of ER stress) showed the same trend between the β-elemene pretreatment group and the CoCl 2 group (3.21 ± 0.77 vs 6.31 ± 1.07; 1.43 ± 0.16 vs 1.86 ± 0.15; 2.19 ± 0.14 vs 3.29 ± 0.19, respectively; p < 0.05). Subsequently, after 24 h of CoCl 2 stimulation, the increased expression levels of cleaved-caspase 3 and Bax in the CoCl 2 group were significantly attenuated by β-elemene pretreatment, from 4.58 ± 
β-elemene decreases neuronal apoptosis in the ventral horn after SCI
To explore the effect of β-elemene on motor neurons in the spinal cord after traumatic injury, Nissl staining and TUNEL assay were performed on spinal cord sections obtained on day 2 after SCI. The percentage of apoptotic cells was significantly higher in the SCI group than in the sham group (78.41% ± 2.86% vs 0.46% ± 0.26%, p < 0.01). In addition, the number of surviving motor neurons was significantly lower in the SCI group than in the sham group (50.00% ± 4.36 vs 126.70% ± 6.49, p < 0.01). After β-elemene treatment, the β-elemene-treated group showed more surviving motor neurons and a lower percentage of apoptotic cells compared with the SCI group (79.67% ± 6.69% vs 50.00% ± 4.36%; 34.24% ± 4.38% vs 78.41% ± 2.86%, respectively; p < 0.01) (Fig. 6 and 7) . 
β-elemene alleviates ER stress induced by SCI in the spinal cord
After SCI, ER stress occurs in the spinal cord lesion. Western blotting was performed to detect the expression levels of cleaved-caspase 12, CHOP, GRP78, Bcl-2, Bax, and cleavedcaspase 3 in the spinal cord. The expression levels of cleaved-caspase 12, CHOP, GRP78, Bax, and cleaved-caspase 3 were significantly increased in the SCI group compared with the sham group, whereas the expression level of Bcl-2 was significantly reduced (Fig. 8) . However, the levels of cleaved-caspase 12, CHOP, GRP78, Bax, and cleaved-caspase 3 were reduced compared with the SCI group (2.42 ± 0.43 vs 4.35 ± 0.49; 2.05 ± 0.17 vs 3.18 ± 0.34; 3.71 ± 0.52 vs 5.54 ± 0.59; 2.11 ± 0.29 vs 3.46 ± 0.49; 2.22 ± 0.35 vs 4.34 ± 0.95, respectively; p < 0.01) and the expression level of Bcl-2 was significantly increased (0.36 ± 0.05 vs 0.69 ± 0.05, p < 0.01) in the high-dose β-elemene-treated group.
β-elemene reduces the inflammatory response and promotes the recovery of locomotor function in rats with SCI
To assess the effect of β-elemene on neuroinflammation, ELISA was performed to evaluate the secretion of IL-6 and IL-1β in rats after SCI. As shown in Fig. 9A and B, β-elemene markedly reduced the secretion of IL-6 and IL-1β. Furthermore, locomotor function recovery was evaluated using the BBB locomotor scores (Fig. 9C) . All rats had a normal score of 21 before SCI induction, and the score dropped to zero at day 1 after SCI. However, the BBB score showed a significantly improved locomotor functional recovery in the 320 μg/kg β-elemenetreated group compared with the SCI group from 14 days to 28 days of the post-treatment period time (9.69 ± 0.73 vs 5.13 ± 0.59, 10.06 ± 0.64 vs 5.56 ± 0.59, 10.25 ± 0.59 vs 6.00 ± 0.53, respectively; p < 0.01). 
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Discussion
Previous studies have indicated that β-elemene has cytoprotective effects against oxidative damage in HUVECs [26] . Nevertheless, no in vivo or in vitro data had yet been reported for motor neurons. Therefore, we investigated the use of an in vitro model of VSC4.1 motor neuron cultures damaged by CoCl 2 and an in vivo model of spinal cord contusion injury to examine whether β-elemene has neuroprotective effects.
We first examined the effect of β-elemene on VSC4.1 motor neurons. The results showed that the appropriate concentration of β-elemene promotes the viability of motor neurons, which can be blocked by PI3K or AKT inhibitors. Numerous studies have demonstrated that cell proliferation can be induced through the PI3K-AKT-mTOR signaling pathway [35, 36] . Similarly, our results showed that the phosphorylation of PI3K, AKT, and mTOR is induced by β-elemene, revealing that β-elemene promotes VSC4.1 motor neuronal proliferation through the PI3K-AKT-mTOR signaling pathway under normal conditions. ER stress is one of the main molecular events underlying the pathology of SCI, activating three main sensors consisting of PERK, IRE1, and ATF6 to remove misfolded or unfolded proteins and rebalance the intercellular homeostasis as part of the unfolded protein response [37] . After the activation of ER stress, PERK dimerizes and phosphorylates, resulting in the phosphorylation of the eukaryotic translation initiator factor 2α (eIF2α), which can arrest protein synthesis and eventually alleviate the overload of misfolded proteins inside the ER [38] . Then, phosphorylation of eIF2α promotes the translation of ATF4, which is a pivotal transcription factor involved in the regulation of genes related to protein folding, apoptosis, and autophagy [39, 40] . Finally, CHOP controlled by ATF4 can be upregulated, promoting cellular apoptosis [14, 41] . Moreover, caspase 12 as a key protein activated by ER stress eventually activates caspase 3 to induce the cellular apoptosis. Cobalt is appropriate for mimicking hypoxic conditions in cultured cells due to its ability to activate hypoxic signals by stabilizing the expression of hypoxia-inducible factor-1 alpha [42, 43] . Thus, CoCl 2 was used to mimic hypoxic conditions in VSC4.1 motor neurons. Using this system, we demonstrated that CoCl 2 was able to induce VSC4.1 motor neuronal ER stress and cause apoptosis in a dose-dependent manner. Our results are consistent with previous reports that the PERKeIF2α-ATF4 pathway was activated by CoCl 2 [44] . Then, we explored the effect of β-elemene on neuronal apoptosis induced by ER stress, with our results suggesting that β-elemene reduces VSC4.1 motor neuronal apoptosis by inhibiting the phosphorylation of PERK and eIF2α and the expression of ATF4. Furthermore, we investigated whether β-elemene affects the expression of the ER stress-related proteins (cleaved-caspase 12, CHOP, and GRP78) and downstream mitochondria-related proteins (Bax, Bcl-2, and cleaved-caspase 3), which determine susceptibility to apoptosis [45, 46] . Our results showed that β-elemene reduces caspase 3 and caspase 12 activity and increases the Bcl-2/Bax ratio, indicating that β-elemene inhibits VSC4.1 motor neuronal apoptosis. The expression of GRP78, which is responsible for targeting misfolded protein for degradation, is reduced by β-elemene, indicating that β-elemene can reduce the severity of ER stress in VSC4.1 motor neurons induced by CoCl 2 . Regrettably, we have not yet explored the effect of β-elemene on primary motor neurons. SCI is a common central nervous system condition without an effective therapeutic strategy. The secondary injury, particularly neuronal apoptosis, leads to severe disability [1, 6, 47] . No therapy can completely improve the motor and sensory capabilities lost after SCI [48] . We demonstrated that there were fewer apoptotic and more surviving motor neurons in the ventral horn of the spinal cord in the β-elemene treatment group compared with the SCI group, suggesting that β-elemene can protect motor neurons against apoptosis after SCI. Indeed, activation of ER stress has been described in animal models of SCI [49] . For instance, activation of ATF6 processing and phosphorylation of eIF2α were reported in a rat model of contusion SCI, and nuclear localization of CHOP has been shown in motor neurons and oligodendrocytes, but not in astrocytes [17] . Induction of ER stress has also been observed in motor neurons after SCI [50] . Therefore, we explored whether β-elemene has neuroprotective effects in vivo against motor neuronal apoptosis by alleviating the severity of ER stress after SCI. Our study showed that β-elemene can protect motor neurons against apoptosis after SCI by reducing the expression of activated caspase 12 and CHOP and by increasing the Bcl-2/Bax ratio. In addition, abundant evidence has shown that neuroinflammation rapidly occurs during SCI, which further results in tissue damage and becomes a catalyst for further damage [51, 52] . Thus, we performed ELISA to show the change in the expression of inflammatory factors (IL-6, IL-1β), with our results showing that β-elemene alleviates the inflammatory response in rats after SCI. In future work, we will focus on the effects of β-elemene on neuroinflammation. Ultimately, we used BBB scores to evaluate the behavioral performances of the rat hindlimbs after SCI. A significant improvement in BBB scores was discovered from days 7 to 28 in the 320 μg/kg β-elemene treatment group compared with the SCI group, suggesting that β-elemene treatment may improve behavioral performance in the acute stage of SCI.
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Conclusion
In summary, this study reveals the neuroprotective effects of β-elemene in the treatment of SCI in vivo and in vitro. The appropriate concentration of β-elemene can promote the proliferation of VSC4.1 motor neurons by activating the PI3K-AKT-mTOR pathway. β-elemene protects VSC4.1 motor neurons against apoptosis induced by CoCl 2 by downregulating the PERK pathway during ER stress, as well as by downregulating CHOP, grp78, cleaved-caspase 12, cleaved-caspase 3, and the Bax/Bcl-2 ratio. In addition, β-elemene alleviates the motor neuronal apoptosis in vivo by downregulating caspase 12, CHOP, and Bax and upregulating Bcl-2 and promotes the recovery of locomotor function in SCI rats. The BBB scores suggest that β-elemene promotes behavioral recovery after SCI. These results offer insight into the role of β-elemene in regulating neuron survival of the cellular pathology associated with SCI.
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